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Introduction IiJ ! ¥

MODELING ano SIMULATION, TESTING axo VALIDATION

« Monotonic approach
— Internal state variable (1ISV) model for metals
— ISV modeling strategy moved to glassy polymers (Bouvard et al., 2010)
— Current efforts to apply ISV modeling strategy to elastomers

- Fatigue approach
— Researchers have historically separated fatigue crack initiation and propagation

— (McDowell et al., 2003) refined the earlier crack stages into incubation and
microstructurally and physically small crack growth, greatly increasing accuracy

— Microstructure has been incorporated into the multistage modeling for metals at
CAVS

— Researchers have typically only investigated long crack for elastomers (Mars and
Fatemi, 2003; Busfield et al., 2002; Chou et al., 2007)

— Current efforts are to add MSC/PSC, INC to fatigue modeling of elastomers and
incorporate microstructure
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Experiments and Stereology to Capture

Structure—Property Relationships

Multi-Scale Internal State Variable
Modeling
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Motivation

- Components of focus on tank track
— Bushings
— Road wheels
— Suspension
— Backer pads

- Extreme Loading conditions
— High temperature
— High friction
— Complex loading
* Road wheel backer pad failure at

one-half of the design target mileage ,_ Py 3’0 73
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\\\ Macroscale MSU ISV/MSF

]/ ’ l\\,
;E ‘JU P: _j
o SIMULATION, TESTING ano VALIDATION

ISV=Internal State Variable
MSF=MultiStage '

Finite

Element
Code | nmp . )

Models Implementation and Use .

Microstructure and
experiments

Mu'tis‘_?al'e 1 Note: model can
Materials — .
e boundary conditions be implemented
I loads in other FE codes
temperature

Physics Validation
And hist
Numerical Verification S Iy
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Multiscale Experiments

MODELING ano SIMULATION, TESTING axo VALIDATION

1. Exploratory exps
2. Model correlation exps
3. Model validation exps

Macroscale

Experiment
Uniaxial/torsion
Notch Tensile

Structural Scale

Continuum Mode

Cyclic Plasticity
Damage

atigue Crack Growt

FEM Analysis
Torsion/Comp
Tension

Monotonic/Cyclic

Mesoscale

Experiment
racture of Silico

NDIA

ISV Model
Void Growth
Waid/Crack Nucleatio

Fem Analysis
Idealized Geometry

Nanoscale

Model
Cohesive Energy
Critical Stres

Analysis
Fracture
lnterface Debonding

Experiment

Microscale

ISV Model

Void Nucleation
Experiment

SEM

FEM Analysis
Idealized Geometry
Realistic Geometry
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. \l\ Material: Styrene Butadiene MCTV b4

R __/

R U b ber MODELING !':«12%|Y~‘5UIH l'iiﬂh', TESTING ano VALIDATION

- Random copolymer — styrene and butadiene are
randomly distributed throughout the polymer chain

 3:1 butadiene to styrene by weight
- Commercially used in a wide range of projects

General properties of SBR

Property Value Units
Glass Transition temperature -40 °C
Temperature range -28to 76 °C
Tensile strength 4.8 MPa
Stretch Limit 150 %
Density 91.5 Lbs/cu ft

"D—h 8/13/2010 7 EVS EIS
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Experimental Methods: DMA Vig i ¥

MODELING ano SIMULATION, TESTING axo VALIDATION

* Dynamic mechanical analysis
— TA Instrument Q900 Dynamic Mechanical Analyzer

— Rectangular 1.5 in x 0.135 in x 0.06 in specimen with DMA tensile
clamps (ASTM D4065-01)

— Oscillated at 1 Hz for a range of temperatures to include
temperature transitions

— Tg measured using midpoint method

Michigen Chag
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Compression Test Hopkinson Bar Tension Test Fatigue Test

Specimen

High strain rates Thermocouple -
(1200s1to 3000s) Low frequency
(2H2)
Low strain rates Low strain rates
(104s1to 101s?) (10%s1to 101s1)

Specimen Geometry

Scaled from ASTM D412 GVS EI&
= 8/13/2010 9
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| \‘\ Experimental Methods: MCTV/ »
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M O n OtO n I C Load I n g MODELING !’ht]é%li»‘iUﬂ'LH l'iiﬂh', TESTING ano VALIDATION

« Stress state dependence

— Tension
 Strain controlled from extension to get local strain rate
« Strain in the gage measured by laser extensometer

— Compression
« Extensometer mounted on platens to remove compliance
 Strain controlled from extensometer

- Rate dependence
— Strain rates of 0.001, 0.01, 0.1, 1200, 2000, 2600, 3000 /s

Temperature dependence
— -5C, 23C and 50C

Michigen Chag
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Experimental Methods: Fatigue ~ [JCT\/ -

€ A

Load I n g MODELING !':«12%|Y~‘5Ulﬂ I'iiﬂh', TESTING ano VALIDATION

* Uniaxial tension

« Servo-hydraulic load frame

- R=0.5,freq=2Hz

- Ag/2 =20.3, 22.3, 28.1, 31.9
and 36.3%

 Displacement control

* Displacement-strain
correlation made using laser
extensometer

Michigen Chag
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Results: DMA Vil |

MODELING ano SIMULATION, TESTING ano VALIDATION

- Storage modulus curve
shows two transition
temperatures

* First corresponds to the glass
transition temperature (Tg) at
-40° C

- Second at -10° C possibly
due to fillers

Macroscale , continuum Mote
T oerimen Cyclic Plasticity
I Damage

Uniaxial/torsion

Notch Tensile FEM Analysis
atigue Crack Grow Torsion/Comp

yclic Plasweity Tension
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Results: Rate Dependence iJ Il W

MODELING ano SIMULATION, TESTING ano VALIDATION

a Z 37 37

- Rate dependence — material stiffened with increasing
strain rate

« Compression — strong hysteresis and residual plastic
strain Macroscale , continuum Mot

Cyclic Plasticity

Experiment Damage
Uniaxial/torsion

Notch Tensile M
Torsion/Comp

Tension
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| \K\ Results: Temperature MCTV/ »
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De pe n d e n Ce MODELING !’ut]"éiliv‘iUﬂ'LH l'iiﬂh', TESTING ano VALIDATION

- Temperature dependence — material softened and had
an increase in strain to failure at higher temperatures

Michigen Chags
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_ i\ Results: Microstructure for
~ Monotonic Loading

 Particle debonding
— Major mechanism of failure
— 0.5 - 200 ym particles debonded during deformation

— Large particles are (1) agglomerations of aluminosilicate (clay)
and (2) ground calcium carbonate
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3 Results: Microstructure for RACT\/
Monotonic Loading - € =0.1/s -

»

CMD-CAVS-MSU Signal A= SE2 EHT = 600 kY

Mag= 67X

—

WD=166m

CME-CAVS-MSU Signal A= SE2

EHT = 600 kv

Mag= 67X

]
v

Room temperature tension at £= 0.1/s

Specimen A failed at a lower strain than specimen B

Specimen A showed a slightly weaker stress-strain response than specimen B
“I;)iJekto the lar

ge agglomerates of undispersed aluminosilicate and particles debonding from th
8/13/2010
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i\ Results: Microstructure for A ﬁ— | _
Monotonic Loading - € = 0.01/s '

-

i

CMD-CAVS-MSU Signal A= SE2 EHT = 600 kV Mag= 72X

Room temperature tension at ¢= 0.01/s

Specimen A failed at a lower strain than specimen B

Due to the large agglomerates of undispersed aluminosilicate and particle debonding
8/13/2010
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@\ Results: Microstructure for

Monotonic Loading - € = 0.001/s

EHT = 6.00 kV

*  Room temperature tension at €= 0.001/s
* Specimen A failed at a lower strain than specimen B
*  Due to the large agglomerates of undispersed aluminosilicate and particle debonding

5 GVSETS
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Models Implementation and USe s s,

SIMULATION, TESTING ano VALIDATION

| %%%\ Macroscale MSU ISV/MSF MOCT

Mi t t d ISV=Internal State Variable
ICros ru_C ure an MSF=MultiStage Fatigue
experiments VISU
‘ G, &, ¢ MSF ‘ Llfe
Finite Model
Element
Code | nmp )
'\I\/l/IU“iSf_?fiI'e 1 Note: model can
aterials — .
Modeling boundary conditions be implemented
I loads in other FE codes

temperature

Physics Validation strain rate

And hist
Numerical Verification SSLRI
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ISV Model: Approach /DIR'

MODELING ano SIMULATION, TESTING axo VALIDATION

«  Large variety of models exists for polymers: Krempl
(1995), Tervoort (1998), Boyce et al. (1988), Richeton et
al. (2007), L. Anand et al. (2009),...

» Model generally used for polymers are:
» based on spring/dashpot -

Hierarchical Multiscale Approach

(O

» Development of ISV material model:

- Kinematics
- Thermodynamics — select physically-based ISVs

Michigen C!
jonsi De
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\‘\ ISV Model: Extension to

Elastomers

Chain alignment in the loading
direction (Anisotropy)

Material hardening

Defects:
(1) Crosslinking
(2) Particles
(3) Entanglements

Regime I: Hyperelastic mechanism induced by bond stretching/rotation
Regime II: Strain hardening induced by crosslinking, entanglements, and patrticles

Regime llI: Chain alignment and chain stretching between crosslinking and possible chain crystallization

8/13/2010




%}\ ISV Model: Development for

Amorphous Polymers

F=F°F’

Fe . elastic mechanisms such as bond stretching and chains rotation/torsion
inducing the different conformations of the intramolecular structure

F P : time-dependent inelastic mechanisms such as permanent chains stretching and

rotating but also the dissipative mechanism due to the relative slippage of molecular
chains

\ o = GVSETS
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| \‘\ ISV Model: Kinematics and

&
H e /
_

ThermOdynamICS MUDELIHG!’:«1";|7~‘3UTJIIIU TESTING ano VALIDATION

«  Multiplicative decomposition of deformation gradient
F =F°*F" Deformation gradient
Kroner-Lee decomposition
J*=detF*; J° =det F";
« Kinematics — velocity gradient I:
| =FF™"
| =I° +FLPFe
e =FFt: I°=d®+w°
[P =R D =D+ WP
«  Assumption on plastic flow

- JP =1 Flow is incompressible

- WP =0 Flow is irrotational
«  Thermodynamics
Clau3|us Duhem inequality (Gurtin and Coleman 1967; Gurtin and Anand, 2003)

- Fd°F° + M : DP — ~y >0
— j J&- -1 dV < j :ldv Iocallzeﬂegrals 1,y ; M = C°S
i ~ ol o
"Dh 8/13/2010 2=J F of - EVSE]‘%

Decomposition into symmetric and skew part




| \‘\ ISV Model: Kinematics and MCTV/ »
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ThermOdynamICS MUDEUHG!}'1il";|'f~‘ft|—';”lll' TESTING o VALIDATION

strain/stretch -like internal state variables

Helmholtz Free Energy: ‘_,
v =y(C*,TT): T = {}

. Strain field induced by internal strain field related to the intermolecular chain

interaction in Regime | and Il (van der Waals forces mainly)

. Strain field induced internal strain field related to the crystallization in Regime Il|

. Stretch-like tensor giving direction-dependent (kinematic) hardening effect induced

by the chain stretching between entanglements/crosslinking at large strain

. 0y .=, 0OV o AT
GOV, OV OV OV
oC 0g, "t aE, Tt oP
Clausius-Duhem Inequality:
[§—2@}:F”deFe+m:5p— oy . g + + OV, g, —?B >0
oC® 0E, %, op
K, Ez a

- GVSETS
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ISV Model: Summary 1Vl J "3
MUDELIHGmSI'!»‘iULHI]U TESTING ano VALIDATION

Elasticity: Cauchy Stress
F—FFP: F=RUS; F"=(0°)°F°; b =F"FT
T= Fe§FeT; T= ﬁ; dev( e*)+ RB(Je)l; 6=J"1
Inelastic Flow rule

F° =L°F" [’ =D° + W"; D" _ 1

\/E ’Yp Np; Wp =0

,yp =§/{Sinh( —(K1+0tp7't)j:|n; NP = DEV(M—G)

: Y IDEV(M -
_ 1 —  _y  _ 1—
= L [pEV-a]; ==L 7i{w)
Ky :CKlgl; o=C, =
Evolution Equations
él*: ho[l_% va
EF - (Rsl+ R, [E 2)5*’

"Dh 8/13/2010 Parameters{w?S,m,ap,Y,hoflo,ég,é;wRspRsz,CKNCa,M’uR} o5 GVSEIS
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| \‘\ ISV Model: Model to Experiment
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CO m pars I O n MODELING ¢ ui]é%l'rn‘;UdLHl»iiUH, TESTING ano VALIDATION

 Jean-Luc’s slides

ISV model predicts loading path, ISV. model response under cyclic
unloading path and time dependence loading at 1 Hz. It shows significant

hysteresis in the first cycle and cyclic
relaxation

Michiges
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\ %%%\ Macroscale MSU ISV/MSF

Models Implementation and Use .

Finite
Element
Code

/ |

/
Ui

St

'j 'J‘U ‘—:, _J"
o SIMULATION, TESTING ano VALIDATION

ISV=Internal State Variable

MSF=MultiStage

Multisc_:alle 1 Note: model can

Materials — .

Modeling boundary conditions be implemented
I loads in other FE codes

| _— temperature
Physics Validation strain rate

And hist

Numerical Verification G

NDIR 13 August 2010
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Results: Fatigue Life /DR

MODELING swo SIMULRTION, TESTING avo VALIDRTION

: Ag .
- Power law fit: 7=0.6587(Nf)°°93

Michigan Chapter




Results: Fatigue Loading /DR

MODELING ano SIMULATION, TESTING axo VALIDATION

 Significant cyclic stress softening occurred for all strain
amplitudes

Michigan Chagter ___
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ALIDATION
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Results: Hysteresis Vid i ¥

MODELING ano SIMULATION, TESTING axo VALIDATION

Half cycle at strain amplitudes of Last cycle at strain amplitudes of
0.22, 0.28, 0.32 and 0.36. 0.22, 0.28, 0.32 and 0.36.

Michigan Chagter ___
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%\ Results: Microstructure for

=B
=

Fatigue Loading

 Particle debonding
— 0.5 - 200 um particles debonded during deformation
— 100 — 200 um particles initiated significant fatigue cracks

— 2 particles in length scale of focus: calcium carbonate and
agglomerations of aluminosilicate (clay)

|

Ag/2 =0.20
R=0.52Hz gy
N; = 198000 cycles &

"D k 13 August 2010 GVSEIS




%i\ Results: Microstructure for
Fatigue Loading

Ae/2 =0.28
R=0.52Hz
N; = 8908 cycles

= 8/13/2010 33 GVSEI&




i\ Results: Microstructure for
Fatigue Loading

Ne/2 =0.32
R=0.52Hz
N = 5047 cycles

Ag/2 =0.32
R=0.5,2Hz
N; = 1755 cycles

- GVSETS
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i\ Results: Microstructure for
Fatigue Loading

Ag/2 =0.36
R=0.52Hz
N; = 258 cycles

Ae/2=0.36
R=0.52Hz
N; = 1238 cycles

se2 EMT= 600KV  Meg= 154X

8/13/2010
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MultiStage Fatigue Model

MODELING ano SIMULATION, TESTING axo VALIDATION

N
A)/P

tota=NinctNpsctNpsctN ¢

=C, N,

Inc

Cye =C, +2(C,—C,) and C, =0.24(1—(R))

Incubation
da iy .
- =G(ACTD-ACTD Initial crack size
MSC/PSC Growth (dN )MSC/PSC ( ) D
(A p

ACTD = f(g)C, (1){“?‘1 a+C, (1)(%}

u

\ )\
¥ Y
HCF loading dominated LCF loading dominated

macro |

f(p)=1+ a){l exp (— %)} Porosity term ACTD,, =nonpropagating crack threshold
th
. . 05
3 Ac; Ag; 1
Ac =20| = 5 5 +(1-0)Ao,  Multiaxialterm Y = {_r Mean stress term

da a >250um, or

fal _AfT- f !
= (dN ]LC AT-T,) for T,<T<T, - H daj (da] }
MSC/PSC

(@j ~ BT/ for T,<T<T, G LdN e

dN J ¢
"Dk 13 rugust 200McDowell, et al., 2003 36 GVSEI&
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Conclusions \/DDIR'

MODELING ano SIMULATION, TESTING ano VALIDATION

- DMA testing was performed to investigate the
viscoelastic properties and transition temperatures

« Material exhibited time and temperature dependence

» Debonding of calcium carbonate particles and
aluminosilicate agglomerates on the order of 50 to 200
um lead to specimen failure for monotonic loading and
Initiated fatigue cracks under fatigue loading

« The ISV model captures both loading and unloading as
well as rate dependence

"D - h 13 August 2010 37 GVS EILLJ&
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Conclusions IiJ I ¥

MODELING ano SIMULATION, TESTING axo VALIDATION

« The MSF model equations need to be extended to
elastomeric materials as well as calibrated and validated
on SBR

+ Fatigue experiments need to be conducted at lower
strain amplitudes to investigate the high cycle fatigue
response of the material

Michigen Chaphst e
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